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A B S T R A C T

The atomic and electronic structures as well as elastic and dielectric properties (including first simulations of loss 
tangent, tan δ) of diamond with nitrogen impurities are calculated using the first principles LCAO method and the 
hybrid functional B3LYP. The effect of the single nitrogen substitutional atom (C-center) on the Raman and IR 
absorbance spectra is analyzed and compared with other calculations. It is shown that nitrogen defects do not 
affect tan δ at far IR region used in diamond windows in fusion reactors for plasma heating and stabilization.   

1. Introduction

Due to high melting point, hardness, chemical and radiation stabil-
ity, wide band gap and optical transparency in a wide energy range, 
diamond along with gemstones, has numerous medical and technolog-
ical applications [1–4]. In particular, diamond windows are used in 
fusion reactors for transmission of high power microwave energy (a few 
MW) for plasma heating and diagnostics [5–9]. This demands materials 
with low dielectric losses, which could be considerably affected by de-
fects therein. High quality chemical vapor deposition (CVD) diamonds 
show very low loss tangent (e.g. down to several 10− 6 at 170 GHz 
[5,7–9]). In recent years there has also been an increase in the number of 
papers discussing the properties and demonstrating corresponding ap-
plications of diamond-based nuclear detectors with a focus on CVD 
diamond detectors [10–19]. In particular, the detection of thermal and 
fast neutrons using CVD diamond detectors has been successfully re-
ported [11]. Diamond CVD detectors for nuclear and dosimetry appli-
cations have been extensively discussed in [12,13]. It has been morе 
than once confirmed that diamond radiation detectors operate suc-
cessfully at temperatures from 150 ◦C to 500 ◦C [13–17]. We also note 
that several experiments are reported in the literature on the evaluation 
of the radiation resistance to neutrons of diamond detectors, although 
most of them were performed on polycrystalline diamonds [13,18,19]. 

Many different impurities were detected and characterized in dia-
mond to date [20]. These defects can affect mechanical properties and 
electrical conductivity of crystals and, therefore, might be exploited for 

a wide variety of specific applications and cutting-edge technologies but 
only nitrogen and boron can be present in diamond structure at 
noticeable concentrations. Even diamond classification system based 
solely on the presence or absence of nitrogen and boron impurities in the 
lattice and the ways of nitrogen arrangement (see, e.g. [21,22],). Ni-
trogen is the most common impurity in diamond with a concentration of 
several tenths %, as determined by elastic recoil detection analysis 
(ERDA) measurements. Diamonds containing detectable by IR absorp-
tion spectroscopy amount of nitrogen belong to type I, while nitrogen- 
free diamonds to type II. Further sub-classification of type I diamond 
depends on how nitrogen atoms are arranged in the diamond lattice. If 
nitrogen is as single, isolated one from another, atoms, replaced in the 
lattice carbon atoms — it is type Ib diamond. Such N impurities in 
diamond are called single substitutional N or C-centers. Nitrogen can form 
various aggregated structures in diamond. Diamond with aggregated N 
impurities is a diamond type Ia. The most common N configurations for 
type Ia diamond are A-centers (IaA diamond), which consist of two N 
substitutional atoms, adjacent to each other in the lattice, and B-centers 
(IaB diamond) involves four N atoms around a carbon vacancy. Many 
other possible arrangements of N atoms in diamond lattice are not 
included in the diamond type classification. Type II diamonds are also 
divided into two types — IIa and IIb. Type IIb diamond contains single 
isolated boron substitutional atoms, while diamond of type IIa does not 
contain measurable boron impurities. Synthetic diamonds are most 
commonly types Ib or IIa, while A- and B-centers are mainly in natural 
crystals. 
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In this paper, we study the effects of nitrogen impurities since ni-
trogen is widely used in CVD diamond growth. Several theoretical pa-
pers were published recently on defects in diamond, including vacancies 
[23–27] and nitrogen related defects [26–31] with the main focus on the 
atomic and electronic structure. However, very little attention was paid 
in theoretical studies of insulating materials to their dielectric properties 
especially loss tangent tan δ (see, e.g. [32],), what is one of our primary 
interest in this paper. We pay also attention to the spin states of para-
magnetic defects largely neglected in previous studies (with rare ex-
ceptions [23,31]). In addition, we consider the defect-induced Raman 
and IR spectra and compare them with previous calculations as well as 
discuss the elastic properties of defective diamond. 

2. Computational details

First-principles (ab initio) computer simulations were performed to
investigate type Ib diamond crystal (with isolated nitrogen substitu-
tional atom). The structural, elastic, electronic, dielectric and vibra-
tional properties of this system, as well as defect formation energy were 
examined within the linear combination of atomic orbitals approxima-
tion as implemented in CRYSTAL17 computer code [33]. Prior the main 
simulation of the defective diamond, we performed the preliminary 
computations of the lattice constant, band gap and the Raman peak 
position for pristine diamond using three different all-electron basis sets 
for carbon atom description and three commonly used hybrid DFT-HF 
exchange-correlation functionals. We compared our results with avail-
able experimental data and define an optimal set up, which we used later 
for the C-center simulation (see Supplementary section S1, Table S1). 

The main computations were based on B3LYP global hybrid func-
tional and all-electron basis sets of Gaussian type functions with expo-
nents for d-shell for carbon and nitrogen atoms (C_6-21d1 and N_6- 
21d1). A periodic supercell (SC) approach has been applied to 
consider a nitrogen substitutional atom in diamond lattice. In this study, 
we have used cubic SC containing 64 carbon atoms before substitution 
one of them by nitrogen atom and nitrogen concentration was ≈1.56 % 
(≈2.75•1021 cm− 3). The five thresholds governing the truncation of the 
Coulomb and exchange infinite lattice series have been set to 8, 8, 8, 8, 
16, and a regular Monkhorst-Pack mesh of points in reciprocal space 
with shrinking factor 12 and 6 has been used for bulk and supercell 
calculations, respectively. The Self-Consistent Field (SCF) convergence 
threshold for the energy was set to 10− 10 Hartree for both geometry 
optimization and vibration frequency calculations. 

Nitrogen and carbon atoms are not isovalent atoms and, therefore, 
when carbon atom in diamond is substituted by nitrogen atom, not all 
chemical bonds are closed, the system has one unpaired electron asso-
ciated with the carbon atom and effective spin of system is Sz 1/2. To 
investigate spin state of system we used the unrestricted (open shell) 
DFT calculations. 

An important issue, related to the computation, is a symmetry of the 
crystal with point defects. Since a geometry optimization depends on the 
symmetry, the choice of symmetry may affect many important param-
eters of the system (the total energy, spin distribution, defect formation 
energy etc.). During simulation of diamond with C-center, the replacing 
one carbon atom by nitrogen atom forms the defect in SC. At that, the 
exact position of the defect may affect the symmetry of the defective 
system. Generally, the symmetry is lowered upon the creation of a 
defect. Moreover, appearance in the system of atoms with different spins 
can further lower the symmetry. However, if is replaced atom in SC, 
which does not have any equivalent by symmetry atoms in this SC, the 
symmetry of system keeps the same (or, may be, is lowered only due to 
appearance of atoms with different spins). In this study, we performed 
simulations for two systems with different symmetry. In one case we 
replaced carbon atom which does not have equivalent by symmetry 
atoms in SC and got defective system with maximal symmetry (for given 
SC). Taking into account appearing of unpaired spin in the system, this 
SC has 6 symmetry operations and corresponds to the trigonal crystal 

system (space group SG 160, R3m). In another case, we replaced carbon 
atom which has maximal quantity (11) of equivalent by symmetry atoms 
in SC. Taking into account unpaired spin, we got the system with 1 
symmetry operation (SG 1), i.e., computations were performed without 
any symmetry. In more detail, see Supplementary section S1. 

We have performed a complete vibrational analysis of both pristine 
diamond and diamond with C-center, including the one-phonon Raman 
and IR spectra simulation, as well as calculations of dielectric functions 
and loss tangent. The total dielectric tensor ε(ν) is the sum of the elec-
tronic (high-frequency) and the vibrational components. The electronic 
contribution has been calculated through the coupled perturbed 
Hartree-Fock/Kohn-Sham (CPHF/CPKS) scheme, adapted for periodic 
systems [34,35]. The calculation of the transverse optical (TO) vibra-
tional frequencies and vibrational contribution to the dielectric tensor 
were performed at the Γ-point (the center of the first Brillouin zone) 
within the harmonic approximation. The integrated intensity In of IR 
vibrational mode νn is computed under the hypothesis of isotropic 
response (i.e., powder sample). We have calculated IR intensities 
through both Berry phase approach, which implies numerical differen-
tiations, and CPHF approach, which is entirely analytical [33,36]. Both 
methods give close intensities, as it was in the study concerning stron-
tium titanate and barium titanate [37]. The relative Raman intensities 
are computed by a fully analytical method, which is based on the self- 
consistent solution of first- and second-order CPHF/CPKS equations 
for the electronic response to external electric fields at the equilibrium 
geometry [38,39]. Finally, the calculated Raman intensities are 
normalized to the highest peak, arbitrarily set to 1000. 

Besides intensity, the one-phonon Raman and IR absorbance spectra 
were simulated using TO vibrational modes. Both types of spectra are 
described by the convolution of intensity with Lorentzian resolution 
function: 
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where νn and In are the computed TO frequencies and Raman or IR in-
tensities, respectively, for each mode n; γn is the full width at half 
maximum (FWHM) of resolution function. 

Computation of elastic tensor is implemented in CRYSTAL17 code as 
a fully automated procedure. We have calculated elastic constants for 
pristine and defective diamond and compared obtained results with 
existing experimental data for pristine diamond (see Supplementary 
section S2). 

3. Results and discussion

3.1. The structural and electronic properties

Carbon atoms are bonded by sp3 bonds in the diamond crystal, as a 
result, each carbon atom connects with four more carbon atoms. Our 
calculations reveal that interatomic distance in pristine diamond is 
1.554 Å. Structure of C-center has been investigated by several ab initio 
computations [28,31,40], which demonstrate that a nitrogen atom 
bonded to three carbon neighbors. The result of our simulation of C- 
center in 64-atom SC is presented in the Fig. 1. This simulation confirms 
that C-center undergoes a trigonal distortion: the nitrogen atom and one 
of the carbon atoms (C1 in the Fig. 1) move away from each other, the 
distance N–C1 increase to 2.060 Å (+33 %). On the other hand, bond 
lengths of nitrogen atom with three other nearest carbon atoms (C4, 
C13, C27), on the contrary, are reduced to 1.479 Å ( 5 %). The calcu-
lations reveal that the local perturbation of the lattice decays very 
rapidly and bond lengths between carbon atoms in the second shell 
(relatively nitrogen atom) is changed to ~0.01 Å (±0.6 %) only (see 
Fig. 1, C4–C(a) and C4–C(b) bonds). 

Fig. 1 demonstrates also charge and spin distribution in the vicinity 
of the C-center. The simulation reveals that the main part of unpaired 



defect spin, 0.794 of electron spin (1 was as the initial guess), is localized 
on C1 carbon atom. It is the atom with unpaired electron, the most 
distant of the four nearest atoms to nitrogen, while the spin of nitrogen 
atom is only 0.166. This situation is an opposite to the substitution by 
nitrogen atom the oxygen atom in SrTiO3. While the latter system also 
has one unpaired electron (and, hence, the spin of system is Sz 1/2, 
too), the electron is associated with the nitrogen atom and main part of 
spin is localized on this atom [41]. Mulliken population analysis gives 
for charge of nitrogen atom 0.132|e|, for the nearest to nitrogen car-
bon atoms +0.065|e|, and for the carbon atoms of second shell +0.005| 
e| and 0.011|e|, what means that these atoms are almost neutral. The 
charges of C1 and bonded with it C(d) atoms are +0.101|e| and 0.031| 
e|, respectively (Fig. 1). 

Our results are in a reasonable agreement with data [31] obtained by 
the simulation of the C-center using of SC with 216 atoms. The signifi-
cant differences are demonstrated only for the Mulliken charges of ni-
trogen atom ( 0.132|e| in our study vs. -0.42|e| in [31]) and three 
carbon atoms, bonded with nitrogen (+0.065|e| vs. +0.13|e|). 
Although, further analysis reveals that already the nearest vicinity of C- 
center provides almost complete neutrality of system in both cases. In 
particular, total charge of atoms represented in the Fig. 1 is +0.020|e|, 
but within the two shells relatively nitrogen atom +0.012|e|. 

Note, that in Fig. 1 we show the results of simulation for a system 
with symmetry of SG 160 (we replaced in SC C33 carbon atom by ni-
trogen atom; see Figs. S1 and S2 in Supplementary). In this case atoms 
C4, C13 and C27 are equivalent by symmetry and there are another 
groups of equivalent by symmetry atoms in the SC (namely, groups of 
atoms C(a), C(b) and C(d) in the Fig. 1). Interestingly, simulation of system 
with SG 1 (C34 carbon atom in SC is replaced by nitrogen atom; see 
Fig. S1 in Supplementary) gives surprisingly the same results that 
obviously confirms the correctness of the results of C-center simulation. 
Further, all presented data correspond to the computations with SG 160, 
unless another is said. 

The calculated indirect band gap for pristine diamond, obtained in 
this study, is 5.7 eV, very close to the experimental value. A defect can 
modify the band gap. Note, in our simulations of systems with unpaired 
spins all electrons are divided into two groups: with spins up (alpha- 

electrons) and with spins down (beta-electrons). The total spin of a 
system depends on the difference in the numbers of alpha- and beta- 
electrons. Our calculations of the electronic density of state (DOS, see 
Fig. 2) and the relevant band structure (see Supplementary Fig. S3) 
reveal that C-center, firstly, slightly decreases band gap value (to ≈5.5 
eV) and, secondly, produces inside the band gap two local energy states 
(defect levels, or, to be exact, defect bands due to of interaction of 
periodically repeated defects). One of them is the occupied donor level, 
located ≈2 eV above the valence band (VB) top, with dispersion (width 
of band) ≈0.5 eV. The minimum energy difference between the bottom 
of the conduction band (CB) and the top of the in-gap donor defect band 
is ≈3.1 eV (indirect transition from defect band to CB for alpha- 
electrons). The second in-gap defect level is the unoccupied level 
(acceptor), which is located close to the CB bottom (≈0.1 eV below) and 
has dispersion ≈0.8 eV. The minimum energy difference between the 
bottom of the defect acceptor band and the top of the VB is ≈4.5 eV 
(direct transition for beta-electrons from VB to defect band). Based on 
this, we predict the optical absorption due to C-center around 3 eV. 

Interestingly, our simulations reveal that both in-gap defect bands 
are mainly produced by the C1 carbon atom and only to a lesser extent 
by a nitrogen atom (see projected DOS in the Figs. S4, S5 in Supple-
mentary), what coincides with conclusions [31]. 

We evaluated the C-center formation energy Eform by 

Eform E
(
Ndop

)
E(N)+E(C) E(pristine) (2) 

where E(Ndop) and E(pristine) are the total energies of the crystal 
with and without nitrogen dopant, respectively, E(N) is the half of the 
total energy of a gas-phase N2 molecule and E(C) is the energy of a single 
carbon atom in the pristine diamond [31]. The calculated formation 
energy is Eform ≈ 4 eV, what is quite close to prediction in [31] (3.2–3.7 
eV for SC with 64 atoms depending on the basis set). 

3.2. IR and Raman spectra 

In this study, we have performed a complete vibrational analysis of 
diamond with C-center, including calculation of TO phonon frequencies, 
intensities of the IR and Raman scattering and simulation of one-phonon 
IR and Raman spectra. For 64-atom SC there are 192 normal lattice vi-
brations at the Γ-point. Three of them are acoustic vibrations, the others 
optical ones, which are distributed over more than hundred nondegen-
erate (A) and double degenerate (E) modes. Some of these modes are 
silent modes (i.e., neither Raman-, nor IR-active), the others are both 
Raman- and IR-active. Most of active modes have very small, close to 
zero, intensities, and only a small part of them are presented by signif-
icant intensities. Note, that all calculated TO modes are located in the 
range of 495–1351 cm− 1 (14.8–40.5 THz). 

As is known, defect-free diamond reveals no IR activity (not 
permitted by symmetry), but it appears due to defects. Thus, the 
calculated IR spectrum (the one phonon area) caused by N impurity (C- 
center) is presented in Fig. 3. As one can see, it is spread over the wide 
range, between 500 and 1350 cm− 1 (the largest 5 peaks are marked 
therein). Let us consider these five the most intensive peaks in more 
detail. Beside of the comparison of the displacements of atoms in the 
corresponding vibrational modes, for additional analysis of specific 
atoms contributions to the modes, we have used the isotopic substitution 
option (the possibility to change the atomic masses for individual 
atoms), which is implemented in the CRYSTAL code [33]. In particular, 
the influence of vibrations of N and C1 atoms as well as atomic cluster 
C4 + C13 + C27 (see Fig. 1) on the formation of some peaks in IR and 
Raman spectra was estimated. We have calculated isotopic shift of 
vibrational modes for three different cases: due to 14N → 15N substitu-
tion, as well as 12C → 13C substitution (for C1 atom and the mentioned 
cluster). 

The analysis of atom displacements in A mode 713 cm− 1 reveals that 
N and C1 atoms show the maximal displacements. At the same time, the 

Fig. 1. The nearest vicinity of C-center (N substitutional atom in diamond) in 
64-atom SC. Carbon atoms C4, C13 and C27 are equivalent by symmetry; a-, b-,
d-noted carbon atoms are groups of atoms, equivalent by symmetry, too. Bond
distance (in Å), Mulliken net charge and atomic spin (in |e|, bold and italic,
respectively) are shown in the figure for each symmetry irreducible atom.



isotopic shifts are 5.2 cm− 1 and 5.8 cm− 1 for N and C1 atoms, respec-
tively. The situation with A mode 832 cm− 1 is almost the same: N and C1 
atoms show the maximal displacements, the isotopic shifts are 3.0 cm− 1 

(for N atom) and 3.4 cm− 1 (C1 atom). N atom demonstrates the maximal 
displacement in E mode 1086 cm− 1, isotopic shift of line due to N atom is 
2.3 cm− 1. The most intensive peak (1140 cm− 1) in the spectrum is 
connected with E vibrational mode. N atom and cluster of three the 
nearest to it carbon atoms give the largest vibrational contributions to 
this peak. The isotopic shifts are 5.3 cm− 1 (for N atom) and 12.9 cm− 1 

(for the cluster of the three carbon atoms). Interestingly, both these 
isotopic shifts are the maximal shifts due to these atoms if to consider all 
vibrational modes. C1 atom gives the largest contribution to the for-
mation of the fifth main peak (E mode 1297 cm− 1) in the IR spectrum. 
Isotopic shift of this line (10.4 cm− 1) is the largest among shifts of all 
lines due to C1 atom. Note here that this TO vibrational mode (1297 
cm− 1) plays also essential role in formation of Raman spectrum (see 
below). 

Finishing the consideration of the IR spectrum, we emphasize that all 

observed peaks arise due to the perturbation of the crystal lattice by the 
defect and the vibrations of N atom and the closest to it carbon atoms 
make the substantial contribution to this spectrum. The comparison of 
our simulated spectrum with one [31] shows that these spectra are in 
very good agreement. 

In contrast to the IR, defect-free diamond has one distinctive Raman 
peak at 1332 cm− 1 [2,3] and our calculations perfectly reproduce this 
experimental value of Raman peak position (see Table S1 in Supple-
mentary). The simulated first-order Raman spectrum for diamond with 
C-center is presented in the Fig. S6 in Supplementary. A feature of this
spectrum is that its main peaks are located in a narrow area 1300–1350
cm− 1. Our simulations predict that there are two strong and one smaller
peaks in the spectrum of defective diamond, which are located close to
position of the peak for pristine diamond (Fig. 4).

As the density of the vibrational modes with essential intensities in a 
narrow range 1300–1350 cm− 1 is quite large, in this case there are no 
direct corresponding of the vibrational modes and the spectral peaks in 
the Raman spectrum of diamond with the C-center. The five most 

Fig. 2. The total electronic DOS for alpha- and beta-electrons in diamond with C-center. The zero energy value corresponds to the Fermi level.  

Fig. 3. The simulated IR absorbance spectrum of C-center in the diamond. Numbers in the figure show the frequencies of the peaks (in cm 1).  



intensive Raman lines are 1297 cm− 1 (E mode; intensity 0.20), 1306 
cm− 1 (A mode; intensity 0.77), 1330 cm− 1 (E mode; intensity 1.0), 1336 
cm− 1 (E mode; intensity 0.13) and 1346 cm− 1 (A mode; intensity 0.12). 
Intensities of the Raman lines, which are presented in the parentheses, 
are normalized per the line with the largest intensity. Note that the first 
mentioned mode (the most low frequency mode, 1297 cm− 1) is the 
same, which we discussed as the most high frequency mode in the IR 
spectrum. It is clear that convolution with resolution function (even with 
FWHM 8 cm− 1) makes “blurred” system of peaks in the spectrum. The 
first peak in the spectrum (Fig. 4) is formed, mainly, by two first modes 
(1297 cm− 1 and 1306 cm− 1), the most intensive peak (which position is 
very close to the position of peak in spectrum of pristine diamond) arises 
due to modes 1330 cm− 1 and 1336 cm− 1, the main contribution to the 
third peak gives the mode 1346 cm− 1. 

We already have determined above that C1 atom give the largest 
vibrational contributions to the mode 1297 cm− 1. It means that C1 atom 
is related with formation of first peak in the Raman spectra of defective 
diamond. Therefore, it is possible to consider this peak as “new” peak, 
which arises due to presence of C-center in diamond. Concurrently, no 
one of the four remaining the most intensive Raman lines has essential 
contribution of C-center and its nearest neighbors. For example, isotopic 
shift of the most intensive line (1330 cm− 1) is almost absent for N atom 
and is only 0.2 cm− 1 for both C1 atom and the cluster. It means that 
vibrational contributions of the defect to the formation of second peak is 
negligible and the “mechanism” of formation of this peak is the same, as 
in the pristine diamond. Therefore, it is possible to consider the second 
peak as “old” peak, which was in the defect-free crystal. On the other 
hand, the line 1336 cm− 1 demonstrates an isotopic shift 0.6, 0.3 and 3.8 
cm− 1 for N atom, C1 atom and the cluster, respectively. Perhaps, such 
defect contribution can explain the shift of second peak by a few cm− 1 in 
comparison with peak position in the pristine diamond. 

We suppose that the presence of two peaks in a narrow area is a 
specific characteristic of Raman spectra for diamond with C-center. This 
feature of spectrum can be used for identification of such type of defect. 
The distance between peaks is approximately 30 cm− 1. We have per-
formed simulation of Raman spectrum with FWHM equal to 30 cm− 1, 
what is, evidently, closer to the experimental conditions. Fig. S7 in 
Supplementary demonstrates two Raman spectra with different FWHM 
— 8 and 30 cm− 1. Even with wider resolution function, two peaks in the 
spectrum remain distinct, what gives hope for the experimental use of 
the predicted spectrum feature. 

At the end of this sub-section, we would comment on the vibrational 
properties of system with SG 1, when C34 carbon atom in SC is replaced 

by nitrogen atom (see Supplementary section S1, Fig. S1). Note some 
differences in the vibrational spectrum. Firstly, degeneration of E modes 
is removed, and each of them is split into two nondegenerate A modes 
with very close frequencies (the splitting does not exceed a few tenths of 
cm− 1). At the same time, the intensity of the initial E mode is divided 
almost equally between the two new A modes. Secondly, the silent 
modes are absent; all modes in phonon spectrum are both IR- and 
Raman-active. On the other hand, these new active modes have zero or 
almost zero intensities. Thus, the mentioned differences in the phonon 
spectra will not affect the IR and Raman spectra, which are simulated 
with a finite width of the resolution function. 

3.3. Dielectric properties 

To characterize dielectric losses in material, the loss tangent (tan δ) 
was calculated for the first time (to the best of our knowledge, not only 
in diamond but also for any point defect in insulators). The loss tangent 
is the ratio of the imaginary and real parts of the complex dielectric 
permittivity ε: tan δ Im(ε)/Re(ε) [42]. It is the imaginary part of the 
dielectric permittivity, associated with conductivity, which causes the 
absorption. The CRYSTAL code allows us to calculate the real and 
imaginary parts of the complex dielectric function ε(ν) depending on the 
vibrational frequency ν (the maxima of the imaginary part of dielectric 
function correspond to frequencies of TO modes). The dependence of the 
loss tangent on the vibrational frequency is calculated in this case as the 
ratio of the imaginary and real parts of the obtained dielectric function. 

The Figs. S8 and S9 in Supplementary present real and imaginary 
parts of dielectric function, respectively. Fig. 5a and b exhibit loss 
tangent function in normal and logarithmic scales, respectively. 

As one can see, loss tangent for diamond with the C-center not exceed 
0.1 for a whole range of vibrational frequencies, while its value does not 

Fig. 4. Simulated Raman spectra for pristine diamond and diamond with ni-
trogen substitutional atom (with C-center). The relative intensities of two 
spectra are arbitrary. FWHM of resolution function, used in simulation, is 
8 cm 1. 

Fig. 5. Loss tangent (tan δ = Im[ε(ν)]/Re[ε(ν)]) for diamond with C-center in 
linear (a) and logarithmic (b) scales. 



4. Conclusions

1) Nitrogen substitutional atoms (C-centers) form three chemical
bonds with three nearest carbon atoms, which bond length is shorter 
than in pristine diamond, while the fourth nearest carbon atom has the 
most of unpaired spin and is displaced away from the nitrogen. 

2) The C-center considerably affects the wide band gap of pristine
diamond due to formation of two (occupied and unoccupied) defect 
energy bands. Note that the carbon atom with unpaired spin (but not 
nitrogen atom) gives the main contribution to the formation of these 
defect bands. 

3) The C-center formation energy is ~4 eV.
4) Lattice constant of diamond with C-center slightly increases in

comparison on the pristine diamond, while the elastic constants and 
moduli mostly decrease, that indicates less rigidity of the defective 
system (see Supplementary Section S2). 

5) The Raman spectra, in general, may be used to identify single
substitutional nitrogen atoms in the diamond. In diamond with the C- 
center the splitting of Raman peak is observed in narrow range 
1300–1350 cm− 1. We predict also N-induced optical absorption around 
3 eV. 

6) In general, the defect-induced features in IR spectra as well as in
dielectric functions arise in the same phonon range of 400–1400 cm− 1, 
definitely, at frequencies below the Raman peak in the pristine diamond. 

7) The first ab initio calculations of the loss tangent for point defects
in insulating materials were performed for the case of the N impurities in 
diamond. While loss tangent for diamond with the C-center can reach 
value 0.1 at some frequencies, its value does not exceed 10− 6 in the 
frequency range important for fusion applications. 
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